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Chapter One 
Introduction and Literature Review 
Thesis Organization 
 This thesis is organized into four chapters.  The first chapter is composed of an 
introduction, which includes research objectives and a literature review on soybean aphids, Aphis 
glycines Matsumura (Hemiptera: Aphididae), current management strategies for this insect, and 
host-plant resistance as it applies to the soybean aphid.  Chapter two contains information on the 
impact of Rag1 soybeans on soybean-defoliating insects in terms of preference and performance 
of these insects.  Chapter three contains information on the performance of Rag1 varieties as 
compared to conventional soybeans under seasonal aphid exposure when grown using current 
integrated pest management recommendations.  Chapter four contains the conclusions drawn 
from the data gathered for this project. 
 
Overview of Experiments 
 This project was split into two major components, one taking place in the lab evaluating 
preference and performance of soybean defoliators on aphid-resistant soybeans, the other taking 
place in the field, evaluating the performance of aphid-resistant soybeans under seasonal aphid 
exposure. The laboratory component evaluated eight insects:  the Japanese beetle, Popillia 
japonica Newman (Coleoptera: Scarabeidae); northern corn rootworm, Diabrotica barberi Smith 
& Lawrence (Coleoptera: Chrysomelidae); southern corn rootworm, Diabrotica 
undecimpunctata howardi Barber (Coleoptera: Chrysomelidae); bean leaf beetle, Ceratoma 
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trifurcata (Förster); fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: 
Noctuidae); corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae); soybean looper, 
Chrysodeix includens (Walker) (Lepidoptera: Noctuidae); and velvetbean caterpillar, Anticarsia 
gemmatalis Hübner (Lepidoptera: Noctuidae).  Each of these insects was evaluated for 
preference to either resistant leaf tissue or susceptible leaf tissue in a series of choice and no-
choice tests.  Additionally, the four lepidopteran species also were used in an evaluation of 
performance on resistant tissue compared to susceptible tissue.  The evaluation of performance 
was in terms of four nutritional indices, which included relative growth rate, approximate 
digestibility, and efficiency of conversion of ingested and digested material.   
 The second component of this project took place in the field.  Field trials were designed 
to evaluate the performance of resistant soybean varieties as compared to susceptible soybean 
varieties under seasonal aphid exposure.  These trials made comparisons in terms of cumulative 
aphid days and harvest yield for each variety.  Additionally, comparisons also were made 
between the performance of resistant and susceptible varieties when treated with insecticide at 
the economic threshold for soybean aphid.  Evaluations took place at five different Iowa State 
University research farms over the course of the 2010 and 2011 growing seasons. 
  
Literature Review 
Aphis glycines biology and ecology 
 The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), is an introduced 
pest of soybeans [Glycines max (L.) Merr] of economic importance in the United States.  This 
insect was first detected in Wisconsin in 2000, and has since spread to 22 states and a portion of 
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Canada (Venette and Ragsdale, 2004).  According to Ragsdale et al. (2007), this insect can create 
yield losses as high as 40% in heavily infested areas.  This is the first insect pest in the United 
States capable of wide-spread damage in soybeans (Ragsdale et al., 2004). 
 Aphis glycines is characterized as having a typical heteroecious, holocyclic life cycle 
(Ragsdale et al., 2004).  This insect alternates between primary and secondary hosts; the aphid 
overwinters on a woody primary host, and uses an herbaceous host during the growing season 
(Ragsdale et al., 2011).  In the United States, A. glycines utilizes invasive buckthorn species 
(Rhamnaceae: Rhamnus spp.) as its primary host (Voegtlin et al., 2005) and soybean as the 
secondary host.  This insect also alternates between sexual reproduction and asexual 
reproduction throughout portions of its life cycle.  During the spring, the first generation of 
aphids will hatch from eggs laid on buckthorn from the previous season.  These nymphs develop 
into wingless fundatrices, or viviparous parthenogenetic female aphid that produces a wingless 
second generation.  Subsequent generations produced on buckthorn are winged forms which 
search out the aphid’s secondary host, cultivated soybean.  Aphis glycines has the ability to 
disperse quickly over long distances due to low level jet streams; Rhainds et al. (2008) found that 
A. glycines could easily disperse within or between fields.   Once on soybean, A. glycines 
produces several overlapping generations through parthenogenesis.  The new generations will 
contain both winged alates and wingless forms.  During summer months, aphid populations can 
double in as little as 1.5 days, which can result in 15-18 overlapping generations on soybeans 
(McCornack et al., 2004; Myers et al., 2005a, 2006).  As photoperiod changes with the approach 
of the fall season, a winged alate form, gynoparae, will be produced.  This gynoparae will search 
out buckthorn and produce a sexual reproductive, wingless oviparae.  Androparae, male alate 
forms produced on soybean, will locate these oviparae and mate with them in the only incident 
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of sexual reproduction on the life cycle of the soybean aphid.  Once mated, the oviparae lay eggs 
on the primary host (Ragsdale et al., 2004; McCornack et al., 2005; Fox et al., 2004; Wu et al., 
2004).   
Management of the soybean aphid 
 According to the National Agricultural Statistical Survey (USDA-NASS), most soybean 
producers rely on organophosphates and pyrethroids to manage the soybean aphid.  Pyrethroids 
are typically used at low rates, as their use can promote population growth in two-spotted spider 
mite, Tetranychus urticae (Acari: Tetranychidae), by eliminating their associated natural enemies 
(Ostlie and Potter, 2009).  Organophosphates offer a less expensive treatment and will also 
manage T. urticae as well (Ragsdale et al., 2011).  Ideally, a grower would only apply 
insecticides once during a growing season.  Multiple applications would reduce not only 
populations of A. glycines, but also their associate natural enemies.  Also, multiple applications 
would encourage the development of resistance in the insect.  Myers et al. (2005b) reported that 
the optimal timing of an application of insecticides was at the R3 stage of development in 
soybeans.  Aphid populations typically peak between the R3 and R5 stages of development.  By 
applying insecticides at the R3 stage, Myers et al. (2005b) saw significantly higher yield than 
when insecticides were applied at other times.  However, by timing an application that early in 
the season, aphid populations could potentially experience resurgence due to a lack of natural 
enemies.  Ragsdale et al. (2007) established an economic threshold of 250 aphids per plant on 
over 80% of the plants sampled.  This economic threshold allows for a 7 day lead time before the 
economic injury level of 674 aphids is reached.  This threshold was shown to provide the best 
return on investment while preserving natural enemies and preventing severe damage by the 
soybean aphid (Johnson et al., 2009).   Ragsdale et al. (2007) pointed out that the enumerative 
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sampling used to develop the economic threshold may reduce the adoption of an integrated pest 
management strategy due to the commitment of time necessary for non-destructive, enumerative 
sampling.  Hodgson et al. (2004) developed a binomial sequential sampling plan which greatly 
reduced the time necessary for scouting while still provided an accurate assessment of aphid 
populations within a soybean field.   
Host-plant resistance 
 Host-plant resistance to insect herbivores has been historically divided into three 
categories: antibiosis, antixenosis, and tolerance.  Antibiosis occurs when feeding on a host plant 
has a negative impact on the survival, development or fecundity of the herbivore, or any 
combination of the three.  Antixenosis, or ‘nonpreference’, occurs when the herbivore 
determines the host-plant is an unsuitable food source and feeds very little, if at all.  Tolerance is 
distinct from antibiosis and antixenosis; as opposed as being defined by its effect on an 
herbivore, tolerance is defined as an increased threshold of a host plant to not experience an 
economic loss during infestation when compared to a susceptible plant (Painter, 1951; Panda and 
Khush, 1995; Koegan and Ortman, 1978).  Research into sources of host-plant resistance in 
soybeans has primarily focused on the mechanisms of antibiosis and antixenosis.  Host-plant 
resistance can be a valuable tool in the management of the soybean aphid.  The mechanisms of 
resistance will allow growers to produce soybeans while using fewer chemical management 
strategies; this, in turn, will save on expenses as well as preserve communities of natural 
enemies.  
Hill et al. (2004) described resistance in the soybean varieties PI71506, Dowling and 
Jackson.  The Dowling and Jackson varieties were described as showing antibiosis against the 
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soybean aphid (Li et al., 2004; Diaz-Montano et al., 2006, 2007), while PI 71506 displayed 
antixenosis.  Resistance in Dowling was eventually characterized as coming from a single, 
dominant gene in the soybean germplasm.  Hill et al. named this gene ‘Rag1’; the capital ‘R’ 
denotes a dominant gene, and the number ‘1’ denotes this is the first gene of its kind described 
(Hill et al., 2006).  Resistance in the Jackson variety has also been characterized as being linked 
to a single dominant gene and maps to the same linkage group as the Rag1 gene, however, the 
nature of the relationship between these genes is not yet known (Hill et al., 2006b; Li et al., 
2007).  Mian et al. (2008) also found that PI243540, a variety which also demonstrates 
antibiosis, received resistance from the expression of a single, dominant gene.  This gene was 
independent from the Rag1 gene, and was named Rag2.  Further research into the Rag1 and 
Rag2 gene by Wiarda et al. (2012) revealed that combining these genes reduced aphid exposure 
and increased yield when compared to either gene alone.  Several more varieties have also been 
described as having resistance to the soybean aphid through each of the three mechanisms of 
resistance (Hesler et al., 2007, 2007b; Kim et al., 2010; Hill et al., 2009). 
While the introduction of aphid-resistance soybeans is relatively recent, A. glycines has 
already shown resistance to some of the varieties.  The discovery of these biotypes predates the 
commercial release of soybean-aphid resistance varieties.  This indicates that this resistance did 
not emerge from feeding on resistant soybeans, but rather was already a dominant trait within 
certain aphid populations.  Three biotypes have been identified.  Biotype 1 is considered 
avirulent on resistant plants, while biotypes 2 and 3 are virulent on Rag1 and Rag2 varieties, 
respectively.  Biotype 1 was originally discovered in Illinois, biotype 2 in Ohio, and biotype 3 in 
Indiana (Hill et al., 2009, 2010l; Kim et al., 2008).  Currently, soybean aphid biotypes can only 
be identified through laboratory bioassay. 
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Objectives 
During the 2010 and 2011 growing seasons, I studied the performance of aphid-resistant 
soybeans in the field under seasonal aphid exposure.  I also evaluated how resistant soybeans 
affected the preference and performance of several different soybean-defoliating insects.  The 
objectives were: 
Chapter two objectives: 
1) Evaluate preference of different soybean defoliators through choice and no-choice 
testing. 
2) Evaluate performance of immature lepidopteran defoliators in terms of relative 
growth rate, approximate digestibility, and efficiency of conversion of ingested and 
digested materials. 
Chapter three objectives: 
1) Compare the performance of resistant soybeans to susceptible under field conditions 
throughout the state of Iowa. 
2) Compare the seasonal aphid exposure of resistant and susceptible soybeans when treated 
with insecticides following current integrated pest management recommendations. 
3) Evaluate the accuracy of a binomial sequential sampling plan using both resistant and 
susceptible plants. 
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Chapter 2.   Preference and Performance of Soybean Pest Insects using Rag1 
and Susceptible Soybean Varieties. 
 
Abstract 
The Rag1 gene confers antibiotic resistance to soybean aphid, Aphis glycines Matsumura 
(Hemiptera: Aphididae).  In 2010 and 2011, the preference and performance of soybean defoliators were 
tested using Rag1 and susceptible soybean.  Four coleopterans and four lepidopterans were used: northern 
corn rootworm, Diabrotica barberi Smith & Lawrence (Coleoptera: Chrysomelidae); southern corn 
rootworm, Diabrotica undecimpunctata howardi Barber (Coleoptera: Chrysomelidae); bean leaf beetle, 
Ceratoma trifurcata Förster (Coleoptera: Chrysomelidae); Japanese beetle, Popillia japonica Newman 
(Coleoptera: Scarabeidae); fall armyworm, Spodoptera frugiperda (J. E. Smith) (Lepidoptera: Noctuidae); 
corn earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae); soybean looper, Chrysodeix includens 
(Walker) (Lepidoptera: Noctuidae); and velvetbean caterpillar, Anticarsia gemmatalis Hübner 
(Lepidoptera: Noctuidae).  Preference of insects was evaluated in choice and no-choice tests using Rag1 
and susceptible soybean.  The lepidopterans also were evaluated on performance on Rag1 leaves using 
four nutritional indices: relative growth rate, approximate digestibility, and efficiency of conversion of 
ingested and digested materials.  Choice tests indicated that D. barberi and H. zea have a preference for 
Rag1 soybean, and no-choice tests demonstrated that C. trifurcata and S. frugiperda preferred an organic 
variety expressing the Rag1 gene.  Helicoverpa zea was the only insect that demonstrated a preference 
between varieties which were genetically similar, preferring Rag1 tissue; these results indicate that 
preference is dictated, at least in part, by the genetic background of the leaf tissue consumed.  When Rag1 
and susceptible varieties were compared in performance evaluations, we found S. frugiperda, H. zea and 
A. gemmatalis, had significantly lower relative growth rate on resistant tissue.  Evaluations of 
approximate digestibility detected significant results, but not between resistant and susceptible tissues.  
Anticarsia gemmatalis had significantly reduced larval mass on resistant tissues.  Rag1 soybeans may see 
an increase in the number of certain pests due to preference for resistant leaf tissue, but this preference 
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may be limited to background genetics.  This data also indicates that a producer using Rag1-resistant 
soybeans will have the additional benefit of less successful populations of lepidopteran insect pests. 
. 
 
Introduction 
 Since its arrival in 2000, the invasive soybean aphid, Aphis glycines Matsumura 
(Hemiptera: Aphididae), has been recognized as an economically important pest of soybean in 
the United States (Venette and Ragsdale, 2004).  This insect has the ability to reduce plant 
height, pod set, seed size and the amount of protein in seeds (Ragsdale et al., 2011), and has been 
known to reduce yields by as much as 40% (Ragsdale et al., 2007).  Prior to the arrival of the 
soybean aphid in the United States, less than 0.1% of soybean acreage in the north central region 
reported any application of insecticide to soybean crops.  By 2006, over 13% of soybean acreage 
was reported to have applications of insecticides, which is an increase of 130%. 
 Following the appearance of soybean aphid, research was performed to provide an 
optimal chemical management strategy (Myers et al., 2005; Johnson et al., 2009), as well as 
establish an economic threshold for this pest (Ragsdale et al., 2007).  Efforts were also made to 
discover sources of host-plant resistance within the soybean germplasm.  Host plant resistance to 
insects operates through one of three mechanisms: antibiosis, antixenosis, and tolerance.  
Antixenosis, also referred to as ‘nonpreference’(Koegen and Ortman, 1978; Panda and Khush, 
1995), is defined as a group of plant characters and insect responses that lead away from the use 
of a particular plant variety for oviposition, food, shelter, or any combination of these.   
Antibiosis is defined as reduced fecundity, size, longevity, or survival as a result of consuming 
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antibiotic tissue.  Tolerance, unlike antibiosis and antixenosis, is understood as the ability of a 
host plant to grow and repair damage in spite of an infestation of damaging insects 
(Schoonhoven et al., 2005, Panda and Khush, 1995). Antixenosis and antibiosis have been 
discovered through germplasm screening in several soybean varieties (Diaz-Montano, 2006; 
Hesler, 2007; Hill, 2004; Li, 2007). 
 While antixenosis and antibiosis have been found in the soybean germplasm, aphid-
resistant soybeans that are commercially available only use antibiosis in the form of the Rag1 
gene (O’Neal and Johnson, 2010).  Hill et al. (2004) characterized the Dowling and Jackson 
soybean varieties as being antibiotic to  soybean aphid.  Hill et al. (2004, 2006) also described 
the source of resistance as a single, dominant gene which they designated ‘Rag1’.  While it is 
understood that expression of the Rag1 produces antibiosis against the soybean aphid, the exact 
mechanism of this resistance is not yet known.  Aphids use the carbohydrates and nitrogenous 
compounds in phloem as a food source; nitrogenous compounds in phloem sap exist in the form 
of amino acids (Montllor 1991; Wilkinson and Douglas, 2003).  Chiozza et al. (2010) reported 
that aphid-resistant soybeans expressing Rag1 showed constitutive differences in the 
composition of amino acids when compared to aphid-susceptible soybeans.  Reductions were 
found in several amino acids, including asparagine and glutamine.  Asparagine is a limiting 
factor in aphid nutrition (Walter and DiFonzo, 2007).  Glutamine is the main amino acid 
imported into symbiotic bacteria within the aphid gut (Liadouze et al., 1995).  Srivastava et al. 
(1983) found that alanine and γ-aminobutyric acid stimulated feeding behavior in pea aphid, 
Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), whereas as several amino acids such as 
asparagine, cysteine, proline and tyrosine deterred feeding behavior.  Amino acid composition 
has been linked to resistance to aphid species in cereal crops (Weibull, 1988, 1994).  Aphids, due 
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to their ability to pierce directly into a phloem sieve element, are able to get to a richer source of 
nitrogen as compared to chewing herbivores; most of the nitrogen within a plant is associated 
with defensive compounds and other, unusable maters.  Within the phloem, almost all 
nitrogenous compounds can be utilized as a source of nutrition (Schoonhoven et al., 2005).  
Aphids respond strongly to a source of nitrogen, and usuable nitrogenous compounds have been 
positively correlated with increased fecundity in aphid populations (Nevo and Coll, 2001).
 The soybean agroecosystem is not only inhabited by the soybean aphid, but also several 
species from the orders Lepidoptera and Coleoptera.  Noctuid moth species such as corn 
earworm, Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae); soybean looper, Chrysodeix includens 
(Walker) (Lepidoptera: Noctuidae); and velvetbean caterpillar,  Anticarsia gemmatalis Hübner 
(Lepidoptera: Noctuidae) have been studied in an effort to find soybean varieties resistant to these insects 
insects (Rowan et al., 1990; Warrington et al., 2008; Piubelli et al., 2009).  Research has been conducted 
on varieties with resistance against the Japanese beetle, Popillia japonica Newman (Coleoptera: 
Scarabeidae) and bean leaf beetle, Ceratoma trifurcata Förster (Coleoptera: Chrysomelidae), which are 
known for their ability to damage leaf tissue, reduce seed quality, and spread disease (Delate et al., 2008; 
Kunihiko et al., 2010; Yesudas et al., 2010).   
 Researching insect response to host-plant resistance can utilize choice testing, no-choice 
testing, and evaluation of nutritional indices.  Choice testing can evaluate the insect’s behavioral 
response to plant volatiles and different plant organs for positive, negative, or neutral responses 
to potential feeding substrates (Panda and Khush, 1995).  Performance can be evaluated in two 
ways: no-choice testing and nutritional indices.  No-choice testing forces an insect to either 
starve or consume resistant leaf tissue.  This type of evaluation is useful in determining insect 
survival, and larval growth and development, however, no-choice testing does not differentiate 
between effects related to a feeding deterrent or those related to a growth inhibitor or toxin 
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(Renwick, 1983).  By evaluating choice and no-choice testing, data that includes the effects of 
deterrents or stimulants can be clarified by determining the preference of a given insect.  
Nutritional indices are used to determine parameters such as relative growth rate or approximate 
digestibility; these indices can be used to evaluate the importance of nutrients and secondary 
compounds to the growth rate of an insect (Beck and Reese, 1976; Waldbauer, 1968).   
 For this project, I hypothesized that soybeans expressing the Rag1 gene would affect 
soybean pest insects other than the soybean aphid.  Because the mechanism of resistance in Rag1 
soybeans is, in part, based on the concentration of amino acids in the phloem, we chose to 
investigate this hypothesis in terms of preference and performance of several soybean 
defoliators.  I hypothesize that a difference would be detected in the preference of insects in 
choice and no-choice evaluations when tested against resistant and susceptible soybean varieties.  
I further hypothesize that the nutritional indices of relative growth rate, approximate digestibility, 
and efficiency of conversion of ingested and digested materials of larval noctuid moths would be 
significantly influenced by the expression of the Rag1 gene. 
 
Methods 
 Plant tissue.  Plant tissue used in this study was gathered in two ways.  Leaf tissue that 
was not genetically similar was grown in the field at the Neely-Kinyon Iowa State University 
research farm during the 2010 and 2011 growing season (Table 1).  Whole leaves were taken 
from soybean plants in the R5 stage of development (beginning seed set; Fehr and Caviness, 
1977) after being checked for insects, feeding damage and disease.  The eight varieties grown in 
the field were commercially available.  Prior to use in the experiment, leaf tissue held at ca. 4° C.  
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Genetically similar plant tissue was grown in a greenhouse maintained at ca. 26° C and 50% 
relative humidity.  The susceptible IA3027 variety was developed at Iowa State University.  Its 
resistant counterpart was produced by crossing IA3027 with LD05-16521, a line developed by 
the University of Illinois and the USDA-ARS (Mardorf et al., 2010).  The resistant variety 
LD05-16060 was produced by crossing (Dowling X Loda) X SD-76R, with the SD-76R variety 
being the susceptible near-isoline (Chiozza et al, 2010).  Leaf tissue was harvested once plants 
reached the V4 stage, and all leaf tissue was monitored for insect damage or disease 
development.  For the purpose of this study, each variety is referred to by simplified names based 
on their resistance (Table 1). 
 Insects.  All four coleopteran species, D. barberi, D. undecimpunctata howardi, C. 
trifurcata, and P. japonica, were collected as adults from the field.  During the summer of 2010, 
D. barberi, D. u. howardi, and C. trifurcata were collected via sweep netting from soybean fields 
at the Northern, Northeast and Northwest Iowa State University research farms.  Insects were 
maintained on artificial diet in a growth chamber set to ca. 25° C and 65% relative humidity with 
a 16:8 (L:D) photoperiod.  Popillia japonica was collected from the Iowa State University 
campus using a funnel trap and pheromone lure (Contech Tanglefoot Japanese beetle trap, 
Contech Enterprises Inc., Victoria, B. C.;  Trece Japanese beetle dual lure, Trece, Inc., Adair, 
OK) during the 2011 summer.  After collection, P. japonica was maintained in a growth chamber 
set to 25°C and 65% relative humidity with a 16:8 (L:D) photoperiod.   
 All four lepidopteran species, S. frugiperda, H. zea, C. includens, and A. gemmatalis, 
were provided by Benzon Research (Carlisle, Pennsylvania).  These insects were grown in 
colony, and maintained on artificial diet in a growth chamber set to ca. 25°C and 65% relative 
humidity with a 16:8 (L:D) photoperiod.  These insects were allowed to develop to the third 
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instar on artificial diet, and then were separated to prevent any density-dependent stress or 
cannibalism.   
 Tests of preference.  In 2010, four insect species were evaluated for preference on four soybean 
varieties.  D. barberi, D. undecimpunctata howardi, C. trifurcata, and S. frugiperda were tested on the 
varieties Resist. 1, Sus. 1, Resist. 2, and Sus. 2(Table 1).  Choices offered to insects included Resist 1 vs. 
Sus. 1 and Resist 2 vs. Sus 2 (Table 2).  Both Resist. 2 and Sus. 2 are certified for use in an organic 
growing program (www.blueriverhybrids.org), so the choice tests were designed to make comparisons 
only between conventional or organic varieties.  Varieties were offered singly in no-choice testing.  Leaf 
tissue samples were taken from whole leaves using a size 6 cork borer and measured 10 mm2 in area.  In 
choice tests, insect were offered two of these samples, one from a resistant variety and one from a 
susceptible variety.  The experimental unit consisted of a 10 cm Petri dish lined with filter paper (#2 
qualitative, Whatman) moistened with enough deionized water to soak the filter paper but leave no 
standing water.  Insects were placed singly in petri dishes for preference tests.  Insects were allowed to 
feed for 48 hr, after which time the leaf tissue sample was removed and measured for area lost to 
consumption using Photoshop (Adobe, Photoshop CS5.1).  Each preference test had twenty replications 
and was repeated twice. 
 During 2011, five species were tested: S. frugiperda, H. zea, C. includens, A. gemmatalis, and P. 
japonica.  In total, 12 soybean varieties tested in 2011 and all were grown in the greenhouse (Table 1).  
These included all of the varieties used in the previous year.  We also included four genetically related 
varieties whose main difference was the presence of the Rag1 gene (Resist. 5, Sus. 5, Resist. 6, Sus. 6), 
and four varieties of varying genetic background (Resist. 3, Sus. 3, Resist. 4, Sus. 4) (Table 1; Table 2).  
The methodology of choice and no-choice tests was the same as the previous year.  During this year, 
choice tests compared each resistant variety to each susceptible variety, with the exception of the 
genetically similar varieties.  By cross-comparing each resistant and susceptible variety, we were able to 
widen our inference into how preference for Rag1 was influence by varying genetic backgrounds.  S. 
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frugiperda and H. zea were evaluated against all the varieties grown in this year.  A. gemmatalis and C. 
includens were evaluated against genetically similar varieties.  Each test contained sixteen experimental 
units and was replicated twice. 
 Popillia japonica was evaluated using the resistant Syngenta S25-F2, susceptible Syngenta S25-
R3, resistant Blue River Hybrids 25AR1 and susceptible Blue River Hybrids 26F0 varieties. The 
preference evaluations of P. japonica followed a different protocol from the other insects involved in this 
study.  The size of insect, the fact that feeding is typically done in large aggregations on a host plant, and 
the influence of sex pheromones on the behavior of these insects prompted these changes.  Each 
experimental unit was a 1.8 L plastic cup with a lid (Reynolds Food Packaging, Shepherdsville, KY); the 
lid had a portion of its surface removed, and a mesh screen was glued into place.  Two soybean leaf 
trifoliates, one resistant and one susceptible, were mounted in water picks filled with deionized water and 
placed in the cup, in the case of choice tests.  For no-choice tests, only one leaf trifoliate was used.  Prior 
to exposure to insects, all leaf tissue was weighed for the initial wet mass.  All insects were differentiated 
by sex, and two male beetles were placed in each unit.  The presence of two beetles in each unit would 
simulate the aggregation seen in the field and induce feeding behavior, and the larger leaf tissue samples 
were provided to counteract the additional insects and the amount of leaf tissue they could potentially 
consumed.  Only males were used in this study to avoid the influence of sex pheromone; this influence 
might have overrode feeding behavior in favor of mating.  Insects were allowed to feed for 48 hr, after 
which time the leaf tissue was removed and dried for 4 days at 60°C in a drying oven.  Once dried, the 
leaf tissue was weighed for final dry mass.  In both choice and no-choice tests, twenty insects were 
assayed across ten bioassay cups.  Each test was accompanied by a set of ten additional cups with leaf 
tissue to act as a control with no insects added. 
 Tests of performance.  Evaluations of performance focused on noctuid larvae.  During 2010, S. 
frugiperda was the only insect evaluated for performance on resistant soybeans.  Using the same 
experimental unit as choice and no-choice tests, third instars were offered leaf tissue from the Resist. 1, 
19 
 
 
Sus. 1, Resist. 2 and Sus. 2 varieties.  Insects were allowed to feed on whole leaves until the sixth instar, 
and leaf tissue was added as need.   Once the insects reached the sixth instar, they were placed in ethanol 
for one day, and then moved to a drying oven (60°C) for four days.  After drying, the insect cadavers 
were weighed for final dry mass using an XS205 Dual Range analystical balance (Mettler Toledo, 
Columbus, Ohio).  This evaluation included twenty replications and was repeated twice. 
 In 2011, we tested the nutritional indices of relative growth rate, approximate digestibility, and 
efficiency of conversion of ingested and digested materials (Raubenheimer and Simpons, 1992; 
Waldbauer, 1968).  Four insects were evaluated for each of these indices: S. frugiperda, H. zea, C. 
includens, and A. gemmatalis.  Each insect was allowed to consume leaf tissue from each of the four 
genetically similar soybean varieties.  Genetically similar varieties were used to minimize the differences 
between the varieties down to only the Rag1 gene.  The same experimental unit used in 2010 performance 
testing was also used in these experiments.  We measured the initial wet mass of insects, initial wet mass 
of leaf tissue and initial mass of filter paper. Each species was allowed to feed for 7 d, which would have 
them at or near the sixth instar.  At the end of the 7 d period, all insects, remaining leaf tissue, and frass 
were dried for 4 days.  Once dried, all of these materials were weighed for final dry mass.  All 
measurements were taken using an XS205 Dual Range analytical balance (Mettler Toledo, Columbus, 
Ohio). The mass of egested materials was calculated as the difference between the mass of filter paper 
before and after the 7 d period.  The mass of leaf tissue consumed was calculated as the difference 
between the initial wet mass and the final wet mass.  The mass of leaf tissue digested was calculated as 
the difference between the mass consumed and the mass egested, and the mass gained by larvae was 
calculated as the difference between the initial wet mass and the final dry mass.  The evaluation for each 
species was replicated twice and included sixteen experimental units. 
 Statistical analysis.  Choice tests involving all species, except P. japonica, were analyzed using a 
Student’s T-test using PROC TTEST in SAS 9.2 software (SAS institute Inc., 2008).  No-choice tests 
were analyzed using an analysis of variance (ANOVA) using PROC GLM.  Choice tests which included 
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P. japonica were analyzed using an analysis of covariance (ANCOVA) using the initial wet mass as a 
covariate (PROC GLM); significant preference for either resistant or susceptible tissue was determined 
when a significant difference was detected between varieties offered in a given test. No-choice tests for P. 
japonica were also analyzed using an ANCOVA, using initial wet mass of leaf tissue as a covariate.
 The initial test of performance, which included only S. frugiperda in 2010, was analyzed using an 
ANOVA of the final dry mass of the insect cadavers (PROC GLM).  The additional tests of performance, 
which involved the four previously mentioned nutritional indices, were analyzed using an ANCOVA 
(PROC GLM) and included the factors of genetic background, resistance, and the genetic background × 
resistance interaction.  Relative growth rate was analyzed using the initial wet mass of the insect as a 
covariate to the final dry mass.  Approximate digestibility was analyzed using the mass of leaf tissue 
consumed as a covariate to the mass of leaf tissue digested.  Efficiency of conversion of ingested and 
digested leaf tissue was analyzed as the final dry mass of the larvae with the covariates of the mass of leaf 
tissue consumed or digested, respectively.  Data were transformed as needed to meet the assumption for 
normality. 
 
Results 
 Tests of preference.  Choice tests performed in 2010 showed that only D. barberi demonstrated a 
preference and consumed significantly more Rag1 soybean than susceptible soybean leaf tissue among 
the Resist. 2 and Sus. 2 varieties (Table 2).  Helicoverpa zea demonstrated a preference for Sus. 1(Table 
2); however, this insect also demonstrated a preference for Resist. 5 and Resist. 6 (Table 2).  Chrysodeix 
includens showed preference for the Sus. 6 variety over its resistant counterpart (Table 2).  In no-choice 
testing, S. frugiperda consumed more of Resist. 2 when compared to the Resist. 1 and Sus. 1 varieties 
(Fig. 1; Table 3).  Ceratoma trifurcata also consumed more Resist. 2 compared to Resist. 1 and Sus. 
1varieties (Fig. 1; Table 3). 
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 Tests of performance.  The initial test of performance in 2010 revealed that S. frugiperda had 
significantly lower larval dry mass on the two Rag1 varieties (N=20, df=3,69, F=19.37, P<0.0001).  
Analysis of relative growth rate shows that S. frugiperda, H. zea, and A. gemmatalis had significantly 
lower dry mass on Rag1 leaf tissue when corrected for initial wet mass of the larvae (Fig. 2; Table 4). 
Analysis of the conversion efficiency of ingested materials showed that all three of these insects had 
significantly lower larval dry mass, when corrected for consumption, on at least one resistant variety (Fig. 
3; Table 4).  Finally, in the test of efficiency of conversion of digested materials, A. gemmatalis had 
significantly less larval dry mass of resistant varieties when corrected for the mass digested by this insect 
(Table 4). 
 
Discussion 
 The objective of this study was to determine if soybean pest insects showed a preference for 
either Rag1 or susceptible soybean varieties and if the performance of lepidopteran pests differed between 
resistant and susceptible varieties.  Several insects in our study demonstrated a preference for either 
aphid-resistant or susceptible soybeans.  In choice tests, we found that both D. barberi and C. includens 
preferred for a Rag1 variety.  Helicoverpa zea preferred susceptible tissue when tested with varieties that 
were not genetically similar, but when offered those that were genetically similar, it preferred resistant 
tissue (Table 2).  In no-choice tests, S. frugiperda and C. trifurcata consumed more of one resistant 
variety compared to the same susceptible variety (Fig. 1; Table 3).  These results suggest that preference 
is dictated by the species of insect and the variety of soybeans available.  While that resistance appears to 
affect preference, our data suggests that there could be interactive effects with the genetic background of 
soybean varieties and insect species. 
 In the tests of nutritional indices, we found that Rag1 soybeans reduced the relative growth rate of 
three of the four insects tested (Fig. 2; Table 4).  Spodoptera frugiperda, H. zea and A. gemmatalis 
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experienced reduced larval dry mass, corrected for initial wet mass, when consuming resistant leaf tissue.  
These insects also experienced reduced larval mass when corrected for consumption.  Measurements of 
efficiency of conversion of digested materials revealed that the digestion of Rag1 leaf tissue had a 
negative effect on the mass on only Anticarsia gemmatalis.  These results indicate that each insect was 
able to detect some factor within resistant leaf tissue that rendered it an unsuitable host, which could be an 
effect of antixenosis.  The results of the conversion efficiency of digested materials indicate that A. 
gemmatalis was able to digest resistant leaf material but did not get as much nutrition out of the resistant 
tissue as compared to susceptible tissue, signifying an effect of antibiosis (Table 4).  S. frugiperda and H. 
zea also experienced reduced larval dry mass on resistant tissue, however, neither of these species showed 
significant differences in tests of conversion efficiency of digestion, only ingestion.  These data indicate 
that Rag1 varieties have the potential to be antixenotic to these three insects, and in the case of A. 
gemmatalis, the digestion of Rag1 tissue has an antibiotic effect (Panda and Khush, 1995; Ahn et al., 
2011).   
 Amino acids play an important role in host-plant selection and the performance of 
phytophagous insect species.  Several phytophagous insect species use different amino acids as 
phagostimulants; proline is a major phagostimulant common in pollen consumed by species of 
Diabrotica (Hollister and Mullin, 1999).  Soybeans contain a known feeding deterrent, γ-
aminobutyric acid, that acts upon members of the Diabrotica genus (Chapman, 2003; Wallance 
et al., 1984; Eichenseer and Mullin, 1997).  The common cutworm, Spodoptera litura Fabricius 
(Lepidoptera: Noctuidae), is known to be deterred by methionine (Hirao and Arai, 1991). 
Glutamine has several important roles in noctuid moths.  Many noctuid moths feed on nitrogen-
limited plants, and glutamine is taken into the hemolymph as an important source of nitrogen 
(Yoshinaga et al., 2008).  Glutamine can also be incorporated into N-linolenoyl-L-glutamine, a 
biosurfactant in the gut lumen which emulsifies food materials to allow better uptake of nutrients 
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and vitamins (Kuhns, 2012).  The results seen in this study may be the result of different 
concentrations of amino acids that might stimulate or deter feeding, such as the results seen with 
D. barberi, or the lack of essential amino acids, as seen in the measurements of relative growth 
rate, due to the expression of the Rag1 gene. 
 As stated earlier, the Rag1 gene is a naturally occurring gene in the soybean germplasm 
that has been bred into several varieties.  Introducing resistance genes into an elite line can have 
unintended side effects due to the effect of linkage.  Linkage may transfer deleterious genes from 
the original resistant variety into the elite line, resulting in effects that are difficult to predict 
without a complete knowledge of the genetic background of the parents (Kim and Diers, 2008; 
Campbell et al, 2002).  Panthee et al. (2006) found several quantitative trait loci associated with 
amino acids such as methionine, glutamine, leucine and serine on the same molecular linkage 
group that the Rag1 gene occupies.  This information suggests that the introduction of the Rag1 
gene could also introduce different concentrations of amino acids, leading to different amino 
compositions depending on the parental genetic backgrounds.  As described previously, effects 
linked to a feeding stimulant, deterrent, or a change in essential amino acids could be seen in 
varieties that incorporate Rag1, but these effects may not be necessarily due to the gene itself, 
but rather traits that are pulled along with the Rag1 gene when it is bred into a new elite line. 
 Research into host plant resistance against soybean defoliator has documented several 
antibiotic effects, some of which are similar to those seen in our study.  Previous research with 
defoliator-resistant varieties targeting chrysomelid beetles suggests that antibiotic effects are 
more detrimental to larval populations than they are to adults (Hammond et al., 2001), however, 
a reduction in leaf damage was still observed.  The study conducted by Hammond et al. (2001) 
suggests that while resistance factors in these varieties are antibiotic to larvae, their effects more 
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closely resemble antixenosis when adults feed.  Soybean varieties known to produce antibiosis 
against several noctuid moths, including tobacco budworm, Heliothis virescens, and cabbage 
looper, Trichoplusia ni, inhibit digestion through plant secondary compounds and, in the case of 
A.gemmtalis, increase susceptibility to multiple nucleopolyhedrovirus (Piubelli et al., 2009).  
Soybean varieties known to be resistant to H. zea and C. includens reduced larval mass and leaf 
defoliation, however, these varieties are often associated with significantly lower yields when 
compared with conventional varieties (Warrington et al., 2008). 
 The results of this study imply both positive and negative side effects on the soybean 
defoliator community when Rag1 soybeans are planted to manage aphid populations.  Different 
soybean varieties can produce sets of nonprotein amino acids that vary with the genetic 
background of the variety in question; many of these amino acids can act as feeding deterrent or 
stimulants for various insect species.  The composition of nonprotein amino acids is also 
influenced by the expression of the Rag1 gene, and this interaction may influence the feeding 
preferences of insects in the field.  Some insects demonstrate a preference for resistant tissue, as 
in the case of D. barberi and H. zea, and this preference represents a potential problem with 
planting Rag1 plants in that these species are may consume more leaf tissue.  However, D. 
barberi and H. zea exhibited this preference in only one genetic background.  In the field, the 
preference for resistant or susceptible tissue may rely more heavily upon the species of the insect 
and the soybean variety than on a source of resistance with the insects included in this study. 
 The results of the evaluation of nutritional indices indicate negative impacts on 
lepidopteran defoliators.  The analysis of relative growth rate showed that resistant varieties 
reduced the larval mass of three of the four species tested.  The significant results in tests of 
conversion efficiency of ingestion with S. frugiperda and H. zea confirms of the presence of 
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antixenosis; in the field, a producer may see an absence of these species, or these species could 
be present, but fewer in number and size than what would be seen in a field of conventional 
plants.  In the case of A. gemmatalis, the results of this study indicate that Rag1 plants are 
antibiotic, and a grower could expect to see this species, but populations would be small in 
individual size and fewer in number.  Populations of S. frugiperda and H. zea in nearby fields 
planted with different crop could increase if the effect is antixenotic; populations of A. 
gemmatalis will reduce in following seasons as the antibiotic effects of Rag1 force adults to be 
smaller and less successful.   
 The possible effects of the expression of the Rag1 gene offer several potential benefits to 
grower looking to manage aphid populations, however, it is important to take into account the 
composition of defoliators in a given field and the effects this gene may have on preference as 
well as performance.  Further research into how Rag1-resistant varieties affect soybean 
defoliators will help increase our understanding of how we can use this gene to not only manage 
aphids, but also soybean defoliators.  
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Tables and Figures 
 
Table 1. Soybean varieties used in all experiments. 
Name Resistance Variety 
Resist. 1 Rag1 LD05-1637a,b 
   Sus. 1 Susceptible Syngenta S25-T8a,b 
   Resist. 2 Rag1 Blue River Hybrids 29AR9a,b 
   Sus. 2 Susceptible Blue River Hybrids 30A7a,b 
   Resist. 3 Rag1 Syngenta S25- F2a 
   
Sus. 3 Susceptible Syngenta S25-R3a 
   
Resist. 4 Rag1 Blue River Hybrids 25AR1a 
   
Sus. 4 Susceptible Blue River Hybrids 26F0a 
   
Resist. 5 Rag1 LD05-16060a,c 
   
Sus. 5 Susceptible SD76Rc 
   
Resist. 6 Rag1 IA3027-RAG1a,d 
   
Sus. 6 Susceptible IA3027a 
aLeaf tissue collected from varieties grown in the field.  Only whole leaflets free of insect damage and disease were used.   
Tissue was stored in a cooler set ca. 4°C for 24 hr prior to use. 
bLeaf tissue collected from varieties grown in the greenhouse after the V4 stage.  Leaf tissue was monitored for insect 
 damage and disease. 
cResistant near-isoline to the variety SD76R 
dResistant near-isoline to the variety IA3027 
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Table 2. Results of analysis of proportion of leaf tissue consumed by each insect in choice testing 
using leaf material grown either in the field or in greenhouse conditions 
Species Choice Testa df T Pb Mean Tissue Consumed (mg) 
Rag1, Sus 
C. trifurcata Choice 1 18 0.96 NS 48.77 ±6.80, 53.32±6.85 
 
Choice 2 19 1.98 NS 62.03±5.30, 56.88±6.04 
      
D. barberi Choice 1 18 0.67 NS 27.69±6.26, 29.82±6.39 
 
Choice 2 18 7.09 *** 70.53±3.57, 32.96±6.09 
      
D. u. howardi Choice 1 15 1.39 NS 34.65±3.95, 39.83±4.04 
 
Choice 2 19 1.65 NS 52.26±5.40, 58.33±5.47 
      
S. frugiperda Choice 1c 15 0.83 NS 66.78±4.83, 62.98±5.01 
 Choice 2c 15 1.51 NS 66.18±5.12, 57.66±5.24 
 Choice 3c 15 0.50 NS 59.65±5.69, 61.87±5.18 
 Choice 5c,d 31 1.25 NS 44.26±2.66, 67.53±2.46 
 Choice 6c,d 31 0.33 NS 54.13±2.09, 53.97±2.95 
      
H. zea Choice 1c 15 5.95 *** 35.08±2.28, 60.53±3.11 
 Choice 2c 15 1.89 NS 38.96±2.42, 46.37±3.39 
 Choice 3c 15 2.58 * 38.03±1.90, 46.39±1.70 
 Choice 4c 15 1.55 NS 48.84±3.36, 40.65±2.50 
 Choice 5c,d 15 5.52 *** 63.59±3.87, 37.31±2.49 
 Choice 6c,d 15 4.33 ** 61.45±2.18, 43.78±3.41 
 Choice 7 15 0.29 NS 44.85±3.37, 43.29±3.50 
 Choice 8 15 0.61 NS 46.13±3.56, 42.49±3.75 
 Choice 9 15 0.05 NS 46.45±3.91, 46.70±3.87 
 Choice 10 15 0.61 NS 51.50±3.47, 49.06±3.98 
      
C. includens Choice 5c,d 15 1.95 NS 65.96±4.51, 53.33±3.86 
 Choice 6c,d 15 2.26 * 45.69±5.33, 60.29±4.51 
      
A. gemmatalis Choice 5c,d 15 0.02 NS 60.32±6.42, 60.33±6.48 
 Choice 6c,d 15 0.32 NS 61.19±3.17, 60.36±2.35 
aChoices offered to insects: (1) resistant LD05-1637 and susceptible S25-T8, (2) resistant Blue River Hybrids 29AR9 and susceptible 30A7, (3) 
resistant LD05-1636 and susceptible 30A7, (4) resistant 29AR9 and susceptible S25-T8, (5) resistant LD05-16060 and susceptible SD76R, (6) 
resistant IA3027-RAG1 and susceptible IA3027, (7) resistant S25-F2 and susceptible S25-R3, (8) resistant Blue River Hybrids 25AR1 and 
susceptible 26F0, (9) resistant S25-F2 and susceptible 26F0, and (10) resistant 25AR1 and susceptible S25-R3. 
bDifference in proportion consumed found to significant at either *, P<0.05, **, P<0.01, ***, P<0.001, or NS, not significant. 
cVarieties used in this test were grown in a greenhouse set to 80°C, 50% R.H., with a 16:8 (L:D) photoperiod. 
dVarieties used in this test are genetically related.  
31 
 
 
Table 3.  Results of analysis of variance of the proportion of leaf tissue consumed in no-choice 
testing using Rag1 and susceptible leaf tissue produced in the field and the greenhouse 
Species Varieties offereda df F P 
Cerotoma trifurcata Resist. 1, Sus. 1, 3, 74 2.60 0.0587 
 
Resist. 2, Sus. 2 
 
  
     
Diabrotica barberi Resist. 1, Sus. 1, 3, 74 1.38 0.2559 
 
Resist. 2, Sus. 2 
 
  
     
Diabrotica undecimpunctata howardi Resist. 1, Sus. 1, 3, 69 1.49 0.2257 
 
Resist. 2, Sus. 2 
 
  
     
Spodoptera frugiperda Resist. 1, Sus. 1, 3, 60 14.59 <0.0001 
 
Resist. 2, Sus. 2 
 
  
     
 Resist. 3, Sus. 3, 3, 60 2.14 0.1043 
 Resist., 4, Sus. 4    
     
 Resist. 5b, Sus. 5 b, 3, 124 0.18 0.9081 
 Resist. 6 b, Sus. 6 b    
     
Helicoverpa zea Resist. 1, Sus. 1, 3, 60 2.56 0.0634 
 Resist. 2, Sus. 2    
     
 Resist. 3, Sus. 3, 3, 60 0.77 0.5172 
 Resist., 4, Sus. 4    
     
 Resist. 5 b, Sus. 5 b, 3, 60 2.76 0.0499 
 Resist. 6 b, Sus. 6 b    
aLeaf tissue offered are from the resistant varieties (1) LD05-1637, (2) Blue River Hybrids 29AR9, (3) Syngenta S25-F2, (4) Blue River Hybrids 
25AR1, (5) LD05-16060, and (6) IA3027-RAG1.  Susceptible leaf tissue was taken from the varieties (1) Syngenta S25-T8, (2) Blue River 
Hybrids 30A7, (3) Syngenta S25-R3, (4) Blue River Hybrids 26F0, (5) SD76R, and (6) IA3027.  
bLeaf tissue produced within a greenhouse set to 80°C, 50% R. H., and a 16:8 (L:D) photoperiod. 
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Table 4.  Results of analysis of nutritional indices of immature Lepidoptera when offered Rag1 and 
susceptible soybean leaf tissue 
Speciesa Nutritional Index df Resistance P Background × 
Resistance Pb 
Spodoptera frugiperda Relative growth rate 1, 98 0.0004 0.0601 
 Efficiency conversion Ing. 1, 98 0.0007 0.0517 
     
Helicoverpa zea Relative growth rate 1, 98 0.0004 0.0601 
 Efficiency conversion Ing. 1, 58 0.0010 0.0143 
     
Anticarsia gemmatalis Relative growth rate 1, 34 0.0057 0.8232 
 Efficiency conversion Ing. 1, 34 0.0077 0.5607 
 Efficiency conversion Dig. 1, 34 0.0066 0.2783 
     
aOnly significant results of the ‘resistance’ factor shown. 
bTest of the interaction of the genetic background of each Rag1/susceptible pair and the type of resistance in the given variety.  
33 
 
 
 
Figure 1.  Analysis of no-choice tests including (A) Spodoptera frugiperda  consuming field-produced resistant and susceptible 
varieites, (B) Cerotoma trifurcata consuming field-produced resistant and susceptible varieties, and (C) Helicoverpa zea 
consuming unrelated resistant and susceptible varieties, and (D) Helicoverpa zea consuming genetically related varieties 
produced in a greenhouse set to 80°C, 50% R.H., and a 16:8 (L:D) photoperiod.  Bars represent mean proportion of consumption 
of each variety (±SEM), and letter above each bar represent groups that are significantly different from one another.  Lighter bars 
represent varieties that express the Rag1 gene, and darker bars represent varieties that are susceptible to aphids. 
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Figure 2.  Analysis of relative growth rate of (A) Spodoptera frugiperda, (B) Helicoverpa zea, (C) Anticarsia gemmatalis, and 
(D) Chrysodeix includens when consuming resistant and susceptible varieties that share genetic background.  Each numbered pair 
represents a single genetic background. Lighter bars represent varieties that express the Rag1 gene, and darker bars represent 
varieties that are susceptible to aphids.  Bars represent the mean larval dry mass (±SEM) corrected for the initial wet mass of 
each insect.  Letters above each bar represents groups that are significantly different from each other.    Chrysodeix includens did 
not show a significant difference in growth rates in any variety.   
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Figure 3.  Analysis of the conversion efficiency of (A) ingested materials by Spodoptera frugiperda, (B) ingested materials by 
Helicoverpa zea, (C) ingested materials by Anticarsia gemmatalis, and (D) digested materials by Anticarsia gemmatalis when 
consuming resistant and susceptible varieties that share a genetic background.  Each numbered pair represents a different genetic 
background. Lighter bars represent varieties that express the Rag1 gene, and darker bars represent varieties that are susceptible to 
aphids.  Each bar represents the mean dry mass of insects when corrected for either the amount consumed or the amount digested 
by the insect.  Letters above each bar represent groups that are significantly different from on another. 
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Chapter 3.  Performance of Rag1 Soybean Varieties in the field under 
Seasonal Aphid Exposure. 
Abstract 
 Host-plant resistance is one tool used to manage the soybean aphid, Aphis glycines Matsumura 
(Hemiptera: Aphididae).  In 2010, soybeans expressing the Rag1 gene were released for commercial use 
by growers throughout the United States.  The Rag1 gene is a single, dominant gene that occurs naturally 
in the soybean germplasm.  Rag1 soybeans have been shown to produce antibiosis to the soybean aphid.  
For this study, the performance of Rag1 soybeans was evaluated and compared with aphid-susceptible 
varieties under seasonal aphid exposure in field trials.  This study used the current recommendation of 
treating soybeans with insecticide at economic threshold of 250 aphids per plant on 80% of plants 
sampled.  Over the course of this 2-year study, no treatment plots achieved the economic threshold for 
soybean aphid.  The performance of these plants was measured in terms of cumulative aphid days and 
harvest yield at 13% moisture.  During the 2010 growing season, one susceptible variety had significantly 
higher cumulative aphid days than all other varieties, and no other significant differences were detected.  
In the 2011 growing season, resistant varieties had significantly fewer cumulative aphid days when 
compared to susceptible in all treatments.  We also observed that one susceptible variety had significantly 
higher cumulative aphid days compared to all others.  In 2010, analysis of harvest yield indicated that one 
resistant variety had significantly lower yield when compared to two susceptible and one other resistant 
variety.  Analysis of yield in 2011 followed a similar pattern where the yield of one resistant variety was 
significantly lower than all other varieties. Sweep net sampling of treatment plots also revealed a large 
population of Japanese beetles, Popillia japonica Newman (Coleoptera: Scarabeidae), however, this 
population did not appear to be influenced by the presence of the Rag1 gene. 
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Introduction 
 Since its arrival in 2000, soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae), has 
been an economically important pest of soybeans, Glycines max (L.) Merr. (Venette and Ragsdale, 2004).  
This insect has the ability to reduce yields by as much as 40% in the United States (Ragsdale et al., 2007).  
Prior to the arrival of this insect, less than 0.1% of the soybeans in the United States were treated with 
insecticides.  By 2006, 13% of the soybean fields were treated with foliar insecticide (Ragsdale et al., 
2011).  Management strategies for this insect involve both the use of foliar insecticide and the use of host-
plant resistance. 
 In an integrated pest management program, the application of foliar insecticides is performed at 
the economic threshold of 250 aphids/plant (Ragsdale et al., 2007).  Myers et al. (2005) demonstrated that 
insecticide application would reduce on aphid populations and preserve yield most effectively when 
soybeans were in the R3 stage (Fehr and Caviness, 1977); however, applications earlier in the season 
could allow for a resurgence of aphid populations that could be economically damaging.  Commonly, 
broad spectrum insecticides are used to control the soybean aphid.  These insecticides could have a 
negative impact the natural enemies community within the soybean agroecosystem (Johnson et al, 2008; 
Ohnesorg et al., 2009).   
 Even though the United States is not the native range for soybean aphid, natural enemies can still 
exert strong suppression of this insect.  Fox et al. (2004) found that soybeans with an active foliage-
foraging predator community, including members such as Harmonia axyridis (Pallas) (Coeloptera: 
Coccinellidae) and Orius insidiosus (Say) (Hemiptera: Anthocoridae), could keep aphid populations as 
low as 10 aphids/plant, and when introduced to aphid populations above economic threshold, predators 
could reduce aphid populations by nearly an order of magnitude.  Fox et al. (2005) observed that while 
the presence of predators could reduce the establishment of soybean aphid, the effects of generalist 
predators could be variable.  Costamagna et al. (2006) observed that the top-down pressure exerted by 
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natural enemies, such as H.axyridis and O. insidiosus, was able to suppress aphid populations by as much 
as 32% in a 24 hr period after establishment.  The application of broad spectrum insecticides in an effort 
to manage soybean aphid also results in a detrimental effect on these natural enemies, reducing the 
potential of aphid management through predation.   
Host-plant resistance in soybeans offers an alternative that reduces the need for pesticide 
application and helps to preserve natural enemies communities.  Several soybean lines have already been 
characterized as having resistance to the soybean aphid (Diaz-Montano et al., 2006; Hill et al., 2006a; Li 
et al., 2007).  Hill et al. (2004) originally described the resistance in the Dowling soybean variety as 
having antibiosis against the soybean aphid.  Dowling plants increased aphid mortality, and Hill et al. 
(2004) compared its effect to a treatment with the insecticide imidacloprid.  The resistance was linked to a 
single, dominant gene that was named ‘Rag1’ (Hill et al., 2004, 2006b).  Diaz-Montano et al. (2007) 
further described the effects of the expression of Rag1 by performing a series of tests utilizing the 
electrical penetration graph technique, a technique which incorporates a feeding aphid and its host plant 
into a wired circuit.  Feeding by the aphid will complete the circuit, allowing observations of feeding 
times and stylet penetration.  Diaz-Montano et al. (2007) reported that resistant plants, including the 
Dowling variety, reduced the number of aphids that reached sieve elements by at least 60%, increased the 
average time for the aphid to reach a sieve element by 4 hours, and reduced feeding time from 1 hour to 
only a few minutes. 
 In order to effectively utilize aphid-resistant soybeans in the field, it must first be 
established how these plants will perform under seasonal aphid exposure.  While resistant soybeans may 
help to reduce aphid populations, reduce or delay pesticide use, and preserve natural enemies 
communities within field, they would not be a viable option unless the yield is comparable to susceptible 
plants.  Kim and Diers (2009) failed to find a difference in yield between susceptible plants and those that 
expressed Rag1 in aphid-free conditions, however, they did observe a 2 d difference in maturation where 
resistant plants matured later than susceptible plants.  This difference in maturation was found in only one 
39 
 
 
population of plants and attributed to linkage drag between Rag1 and the genes that influence maturity.  
Since the Rag1 gene is bred into elite lines adapted to a given environment, it is impossible to avoid 
pulling genes into a new variety that are associated to the same linkage group as the Rag1 gene; thus, 
when producing new resistant varieties, certain deleterious traits maybe incorporated into the new 
germplasm.  In the case of the study performed by Kim and Diers (2009), the maturity difference detected 
in the resistant plants of one population is most likely a trait associated with the linkage group that is 
shared with the Rag1 gene.  Mardorf et al. (2010) also studied how Rag1 plants performed by evaluating 
the yield of plants expressing Rag1 against the yield of plants that expressed rag1.  Mardorf et al. 
observed that Rag1 plants experienced a 47% higher yield compared to the susceptible counterparts under 
a natural aphid infestation. 
Soybean varieties that express Rag1 are now available to growers throughout the United States.  
We hypothesize that Rag1 soybean varieties will have better performance and yield under seasonal aphid 
exposure when compared to aphid-susceptible varieties.  During the course of this study, we evaluated 
that performance in terms of aphid density throughout two growing seasons, as well as harvest yield. 
 
Methods 
We conducted our study over two years using five Iowa State University research farms (Fig 1). 
Soybeans were grown in 9.14 m by 18.28 m plots that were arranged in a randomized complete block 
design with 4 replications at each site.  Each plot included twelve rows planted with either Rag1 or aphid-
susceptible seed with a 76 cm row spacing.  Each plot was sampled for soybean aphid bi-weekly (2010) 
or weekly (2011) during the growing season to get a measure of aphid density throughout the season, and 
scouting began at the V1 stage (Fehr and Caviness, 1979).  Sampling was conducted by counting the 
number of aphids on a set number of plants, and the number of plants counted depended on the growth 
stage of the plants.  During vegetative stages, 20 plants in each plot were sampled.  Once the reproductive 
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stages began, the number of plants sampled were reduced to 10, and once the R5 stage began (beginning 
pod set; Fehr and Caviness, 1979), only five plants were sampled.  This was done to manage the increased 
size of the plants and the time commitment necessary for scouting.  Each plot was also swept 10 times 
using an insect sweep net, and all insects collected were recorded, then released back into the plot in 
which they originated; in 2010, only control treatments were swept, while in 2011, all treatments were 
swept.   In each year, a number of plots at each site were treated with insecticide (Warrior II, λ-
cyhalothrin); in 2010, two plots received a foliar application, and in 2011, four plots received a foliar 
application.  Treatment with insecticide was determined by either the achievement of economic threshold 
of soybean aphid or a pre-set spray date.  Neither year experienced aphid densities above the economic 
threshold, so all insecticidal applications occurred during the first half of August, when soybeans were in 
the R5 stage.  Plots were treated using a hand-held boom sprayer at a rate of 73.93 mL (2.5 oz) per acre.  
At the end of each season, aphid densities were calculated as cumulative aphid days (Hanafi et al., 1989).  
Each plot was machine harvested, and yield was calculated at 13% moisture. 
While each trial of this study used the above methodology, the two years made use of different 
numbers of treatments, different soybean varieties and locations.  Trials conducted in 2010 six plots in a 
block and four soybean varieties.  Four plots were composed of one plot each of the following varieties: 
Syngenta S25-T8, an aphid-susceptible variety; LD05-1637, a variety expressing Rag1;  Blue River 
Hybrids 30A7, an aphid-susceptible variety certified for an organic program; and Blue River Hybrids 
29AR9, another organic variety that expresses the Rag1 gene.  The final two treatments were plantings of 
the LD05-1637 and Syngenta S25-T8 varieties; these two plots were also treated with insecticide as 
described above.  The two organic varieties were not replicated for insecticidal application to reflect use 
in an organic growing program. During this season, trials were conducted at the Northern, Northwest, 
Northeast and Neely-Kinyon research farms (Fig 1).  All sites were planted in the last two weeks of May 
that year, with the exception of the Neely-Kinyon research farm, which was planted in the second week of 
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June.  All insecticidal applications took place in the third week of August, however, insecticides were 
never applied at the Neely-Kinyon research farm due to extremely low aphid exposure that year. 
In 2011, each site incorporated eight treatments per block as opposed to the six used in the 
previous year.  In this year, all varieties had an additional plot planted with an application of insecticide.  
This was done because in the previous year the protocol did not accurately reflect conditions in an organic 
growing program due to the proximity of insecticides to the organic plots.  Four new varieties were 
selected for this trial: Syngenta S25-R3, an aphid susceptible variety; Syngenta S25-F2, a variety 
expressing the Rag1 gene; Blue River Hybrids 26F0, an aphid-susceptible variety certified for organic 
use; and Blue River Hybrids 25AR1, another organic variety that expressed the Rag1 gene.  The 
Northeast and Johnson research farms were the only sites used in this year (Fig. 1); both sites included the 
same randomized complete block design used in the previous year.  Four plots were planted, one of each 
variety chosen for this growing season, and four additional, matching plots that were treated with 
insecticide.  The Northeast research farm was planted in the first week of May, and the Johnson research 
farm was plant in the first week of June.  Both sites were treated with insecticides during the third week 
of August.  Also, we concurrently ran a binomial sequential sampling plan, or ‘speed scouting’, during 
this season to compare any differences between aphid counts as outlined above and a speed scouting 
sampling plan (Hodgson et al., 2004, 2007). 
Statistical analysis.  Cumulative aphid days and harvest yield were analyzed using the PROC 
MIXED function in SAS 9.2 statistical software (SAS Institute Inc., 2008).  Due to the difference in the 
number of treatments in both years, each year was analyzed separately.  Location, variety, insecticide 
application and the interactions of these variables were treated as fixed effects, while block and its 
associated interactions were treated as random effects.  When a location by variety interaction was found 
to be significant, data was separated by location and analyzed individually by analysis of variance using 
the PROC GLM function.  Analysis of sweep net data was performed by using PROC GLM and the 
MANOVA option, and each year included an analysis with the variables of location, treatment, block and 
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insecticide application.  Mean comparisons were obtained using the MEANS option with a least-square 
difference.  Data was log-transformed as necessary to meet criteria for analysis. 
 
Results 
2010 growing season.  The location × variety interaction in cumulative aphid days was not 
significant during this growing season (P=0.1268) (Table 1).  Cumulative aphid days at each site followed 
a similar trend.  At three sites (Northeast, Northwest, Northern), the aphid-susceptible organic variety 
(Blue River Hybrids 30A7) experienced significantly higher aphid density than all other treatments, 
followed by the aphid-susceptible variety (Syngenta S25-T8) (Fig. 2; Table 1).  During 2010, and location 
× variety interaction was detected in harvest yield (P<0.0001).  The Northern research farm showed no 
significant differences in the yield among varieties, however, yield differences were detected at all other 
sites (Table 1).  The aphid-susceptible variety (Syngenta S25-T8) had the highest yield, and the 
insecticide-treated Rag1(LD05-16137) showed the lowest mean yield (Fig. 3). 
Insect sweep netting was also performed during sampling.  Sweeps revealed that populations of 
coleopteran defoliators such as the northern corn rootworm, Diabrotica barberi Smith & Lawrence 
(Coleoptera: Chrysomelidae), southern corn rootworm, Diabrotica undecimpuncata howardi Barber 
(Coleoptera: Chrysomelidae), and bean leaf beetle, Ceratoma trifurcata (Förster) (Coleoptera: 
Chrysomelidae) were present at all sites.  Multivariate analysis of variance performed on location and 
treatments indicated that a significant difference existed between locations, and only marginal significant 
differences were detected between treatments (Fig. 6; Table 3).  Diabrotica barberi and Diabrotica 
undecimpuncata howardi were most prevalent in the Rag1 treatment, and C. trifurcata was found 
primarily in the organic susceptible treatment (Fig. 6a,b,c).  Both predators, H. axyridis and Chrysoperla 
spp., were most often collected from the Rag1 treatment (Fig 6d,e). 
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2011 growing season.  A location × variety interaction was also detected in cumulative aphid 
days for this growing season (P=0.0008).  The mixed model analysis showed that one susceptible variety 
had higher cumulative aphid days when compared to all other varieties, however, no other susceptible 
varieties had any significant differences between them.  All Rag1 varieties, treated and untreated, had 
fewer cumulative aphid days compare to susceptible varieties.  When treated with insecticide, Rag1 
varieties also had fewer cumulative aphid days compared to Rag1 varieties that were left untreated (Fig. 
4; Table 1).   Analysis of yield in that year detected no significance was detected between treatments that 
received an insecticide application and those that did not.  The Rag1 organic variety (Blue River Hybrids 
26F0) had the lowest yield compared to all other varieties (Fig. 5; Table 1).  
At no point did speed scouting indicate a need to treat, and these results match the low aphid 
densities found in this year. Sweep netting performed in this year showed that a significant effect was 
found in location and treatment (Table 3).  D. barberi, D. undecimpuncata howardi, and C. trifurcata had 
the highest mean capture in organic Rag1 treatments (Fig. 7a, b, c).  P. japonica and H. axyridis were 
most often captured in the organic Rag1 treatment (Fig. 7d, e).  Chrysoperla spp. had the highest mean 
capture in Rag1 treatments (Fig. 7f).    
 
Discussion 
The objective of this study was to evaluate and compare the performance of Rag1 soybeans to 
aphid-susceptible varieties in terms of cumulative aphid days and harvest yield.  In this study we found 
that two different aphid-susceptible varieties certified for organic use experienced significantly higher 
aphid numbers than all other varieties.  In a review of the biology and history of soybean aphid, Wu et al. 
(2004) point out that plant odor plays an important part in host-plant selection and emigration between 
secondary and primary hosts.  Soybean aphids possess complex sensilla on their antennae designed for 
detecting plant volatiles, and volatiles from non-host plants can actually repel the aphid (Du et al., 1994, 
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1995).  The differences in aphid density on these organic varieties may indicate that these plants produce 
higher levels of volatiles, thus attracting more alate aphids.  Several studies (Powell et al., 2006; Diaz-
Montano et al., 2007) have also indicated that host plant selection is heavily influence during stylet 
penetration into a possible host plant.  Detection of beneficial compounds by the aphid can cause the 
insect to feed for extended periods of time, whereas a lack of these compounds will reduce feeding to 
only a few minutes.  The ability of the aphid to determine the quality of a host is critical to the fecundity 
of the insect; Awmack and Leather (2002) point out that nitrogen is an important factor in the fecundity of 
aphids.  The sycamore aphid, Drepanosiphum platanoidis, for example, has the highest colonization and 
fecundity on early-season sycamore, which have a higher amino acid than plants later in the season 
(Awmack and Leather, 2002). 
Hill et al. (2004, 2006a, 2006b) originally reported that the expression of the Rag1 gene would 
reduce aphid populations when compared to susceptible control plants.  They reported that aphid colonies 
on plants expressing Rag1 experienced a reduction in survival, longevity, fecundity and development 
when compared to susceptible controls.  Hill et al. also reported that Dowling plants, the variety originally 
expressing Rag1, performed equally well when treated with the insecticide imidacloprid as when left 
untreated.  In our study, we observed that Rag1 plants experienced significantly fewer aphids when 
compared to susceptible plants; when Rag1 plants were treated with the insecticide λ-cyhalothrin, they 
experience fewer aphids compared to all other treatments.  Hill et al. treated their plants very early in their 
development, at the R1 stage (first bloom; Fehr and Caviness, 1997), whereas we treated ours at the R5 
stage of development.  The timing of an application of insecticide is critical in managing aphid 
populations (Ragsdale et al., 2007, Johnson et al., 2009), and the difference in timing between our study 
and the one performed by Hill et al.(2004) could have promoted more effective management by 
preventing a resurgence in the soybean aphid.  Hill et al. also applied a systemic neonicotinoid in a 
granular formulation, and while this will manage the aphid in the vegetative stages of the soybean, it has a 
low residual and will not continue to be effective as the season moves forward, allowing a possible 
45 
 
 
resurgence.  Rice et al. (2005) found that organophosphates and pyrethroids managed soybean aphid most 
effectively in field studies, and our study followed the recommendation by Rice et al. (2005) by using a 
foliar application of a pyrethroid. 
In both years of this study, we observed several differences in yield between treatment plots.  In 
the 2010 growing season, we found that Rag1, plants had less yield compared to all other treatments.  We 
also saw that both resistant and susceptible organic varieties had reduced yield when compared to 
susceptible varieties.  In 2011, the only difference found was that the organic, Rag1 variety had 
significantly less yield compared to all other treatments.  Previous studies that looked at the yield of Rag1 
varieties found that, under aphid-free conditions, no difference existed in the yields of Rag1plants and 
those of genetically similar varieties (Kim and Diers, 2008; Mardorf et al., 2010).  Kim and Diers 
evaluated two populations that were segregated for Rag1; Mardorf et al. used 27 lines that tested plants 
expressing Rag1 and those expressing rag1 derived from the same segregating population.  In our study, 
none of our varieties were genetically similar, and the differences in yield detected here are most likely 
the results of individual traits in the genetic background of each variety. 
Japanese beetles are steadily moving through the state of Iowa; Hodgson et al. (2011a) report that 
56 of the 99 Iowan counties have detected this invasive species.  These insects are known to be prolific 
defoliators, capable of skeletonizing leaves of several different host species (Fleming, 1972).  Sampling 
data on these insects collected during this study does not indicate that the expression of the Rag1 gene 
influence the population of beetles found within any treatment plots.  Differences in populations at 
different time points coincided with application of insecticide.  We did observe, however, that the same 
variety in that year that had the highest aphid numbers, the organic, aphid-susceptible variety, also had the 
highest number of beetles.  Japanese beetles are typically attracted to plant volatiles of host plants that 
have experienced feeding damage; Potter and Held (2002) reported that Japanese beetles were equally 
attracted to leaf material that was damaged by conspecifics as they were to leaf material that had been fed 
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upon by fall webworm, Hyphantria cunea (Drury) (Lepidoptera: Arctiidae).  The damage caused by 
soybean aphid feeding may have been acting as an aggregation kairomone to incoming beetles. 
Current recommendations for soybean aphid include selecting high-yield, quick-growing 
varieties, consistent scouting for aphid 7-10 d after plants emerge, and application of foliar insecticide 
should aphid populations exceed the economic threshold (Hodgson et al., 2011b).   Hodgson et al.(2011b) 
stress considering alternative management strategies to delay the development of genetic resistance 
against insecticides in soybean aphid.  Host plant resistance offers alternatives through different Rag 
genes, including Rag1; however, aphid populations that are capable of being virulent on resistant plants 
have been described in several north central states (Kim et al., 2008; Hill et al., 2010).  At this time, our 
data concurs with the recommendations of Hodgson et al. and stresses the importance of incorporating 
host plant resistance through Rag1 into soybean production. 
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Tables and Figures 
Table 4.  Mixed model analysis of all sites and yield of cumulative aphid days and harvest yield when comparing Rag1 
and susceptible varieties both treated and untreated with insecticide 
Location 
 
Year Df F P Variety× 
Application DF 
Variety × 
 Application P 
Cumulative aphid days 2010 1, 12 11.94 0.0048 1, 15 0.0111 
       
 2011 3, 18 22.31 <0.0001 3, 18 0.0008 
       
Harvest yield 2010 1, 12 74.20 <0.0001 1, 15 0.1204 
       
 2011 3,18 6.96 0.0026 3, 18 0.7670 
 
 
 
Table 3.  Multivariate analysis of variance of sweep net captures in each year 
Year 
 
DF 
 
F P 
2010a 
 
15, 21 2.21 0.0467 
2011a 
 
36, 216 3.29 <0.0001 
aF-statistic obtained using the Pillai’s Trace statistic 
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Table 4.  Mean yield and cumulative aphid days from 2010 growing season 
Location 
 
Treatment 
 
CAD ±SEM Yield ±SEM 
Northern Sus, RR 28.00 4.56 54.61 0.83 
 Sus, RR sp. 9.97 6.37 54.02 0.46 
 Rag1 RR 13.64 1.54 47.58 1.42 
 Rag1 RR sp. 1.03 0.63 48.58 1.03 
 Sus Org 228.14 47.81 47.62 2.33 
 Rag1 Org 
 
19.58 7.78 51.12 0.90 
Northwest Sus, RR 52.50 12.99 52.1 1.05 
 Sus, RR sp. 4.00 2.83 54.6 0.77 
 Rag1 RR 16.50 5.63 50.4 2.08 
 Rag1 RR sp. 6.25 2.17 53.3 1.33 
 Sus Org 459.25 52.03 55.7 1.05 
 Rag1 Org 
 
13.75 7.36 55.6 0.40 
Northeast Sus, RR 29.00 8.17 61.09 1.62 
 Sus, RR sp. 3.50 2.22 62.86 0.95 
 Rag1 RR 17.5 2.78 56.46 1.28 
 Rag1 RR sp. 4.75 2.92 56.36 0.94 
 Sus Org 221.50 40.71 57.27 1.86 
 Rag1 Org 
 
9.75 5.34 56.32 0.55 
Neely-Kinyon Sus, RR 0.22 0.22 52.41 0.79 
 Sus, RR sp. 0.39 0.15 53.25 0.92 
 Rag1 RR 0.48 0.48 47.39 0.50 
 Rag1 RR sp. 0.40 0.23 46.63 1.64 
 Sus Org 0.09 0.05 51.56 1.70 
 Rag1 Org 0.013 0.013 49.97 0.87 
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Table 5.  Mean yield and cumulative aphid days from the 2011 growing season 
Location 
 
Treatment CAD ±SEM Yield ±SEM 
Northeast Sus, RR 190.62 21.02 56.66 1.61 
 Sus, RR sp. 79.03 17.57 62.32 0.74 
 Rag1 RR 95.51 12.53 59.78 2.70 
 Rag1 RR sp. 13.26 2.26 61.26 1.98 
 Sus Org 375.33 31.83 54.85 4.24 
 Sus Org sp. 95.70 36.06 61.71 4.06 
 Rag1 Org 81.22 6.04 52.04 4.68 
 Rag1 Org sp. 
 
13.34 1.66 51.77 2.86 
Johnson Sus, RR 136.5 13.51 65.77 3.83 
 Sus, RR sp. 10.25 3.70 68.66 0.68 
 Rag1 RR 91.75 11.28 62.45 6.98 
 Rag1 RR sp. 10.25 2.53 67.59 1.73 
 Sus Org 282.25 15.77 60.68 1.92 
 Sus Org sp. 9.75 19.52 62.24 1.70 
 Rag1 Org 77.25 15.87 57.40 2.04 
 Rag1 Org sp. 14.00 1.08 55.85 0.25 
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 Table 6.  Mean and standard error of sweep net capture of herbivores and predators throughout all sites in both study 
years 
Species 
 
Treatment 
 
Mean ±SEM 
Ceratoma trifurcata Susceptible (app.) 
 
Rag1 (app.) 
 
Organic susceptible (app.) 
 
Organic Rag1 (app.) 
 
0.42(0.21) 
 
0.52(0.19) 
 
0.98(0.083) 
 
1.06(0.33) 
0.23(0.055) 
 
0.39(0.15) 
 
0.57(0.065) 
 
0.52(0.10) 
Chrysoperla spp. Susceptible (app.) 
 
Rag1 (app.) 
 
Organic susceptible (app.) 
 
Organic Rag1 (app.) 
 
0.46(0.44) 
 
0.44(0.44) 
 
0.54(0.54) 
 
0.69(0.52) 
0.11(0.17) 
 
0.23(0.12) 
 
0.11(0.095) 
 
0.055(0.095) 
 
Diabrotica barberi  Susceptible (app.) 
 
Rag1 (app.) 
 
Organic susceptible (app.) 
 
Organic Rag1 (app.) 
 
4.04(2.58) 
 
4.29(3.56) 
 
6.06(5.29) 
 
7.23(5.00) 
0.46(0.58) 
 
0.74(0.34) 
 
0.67(1.10) 
 
1.20(0.78) 
Diabrotica undecimpunctata 
howardi 
Susceptible (app.) 
 
Rag1 (app.) 
 
Organic susceptible (app.) 
 
Organic Rag1 (app.) 
 
0.42(0.042) 
 
0.29(0.17) 
 
0.44(0.33) 
 
0.65(0.50) 
0.22(0.039) 
 
0.17(0.13) 
 
0.22(0.20) 
 
0.38(0.18) 
Harmonia axyridis  Susceptible (app.) 
 
Rag1 (app.) 
 
Organic susceptible (app.) 
 
Organic Rag1 (app.) 
 
1.79(0.87) 
 
2.04(1.18) 
 
4.27(1.85) 
 
2.77(1.54) 
0.25(0.29) 
 
0.42(0.24) 
 
1.26(0.44) 
 
0.79(0.37) 
Popillia japonica Susceptible (app.) 
 
Rag1 (app.) 
 
Organic susceptible (app.) 
 
Organic Rag1 (app.) 
 
14.13(10.68) 
 
13.29(10.41) 
 
18.02(13.50) 
 
12.23(10.48) 
8.16(6.11) 
 
7.64(5.78) 
 
10.10(7.55) 
 
6.98(5.82) 
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Figure 1.  Map of research farm locations in the state of Iowa.  Each location is by county: (NK) Neely-Kinyon Research farm in 
Adair county, (JN) Johnson Research farm in Story county, (NE) Northeast Research farm in Floyd county, (KW) Kanawha 
Research farm in Hancock county, and (NW) Northwest Research farm in Cherokee county. 
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Figure 2. Mixed model analysis of cumulative aphid days during the 2010 growing season.  Bars represent cumulative aphid 
days (+SEM) per variety: aphid-susceptible (Sus 1), aphid-susceptible with insecticide (Sus 1 App..), Rag1 (Res 1), Rag1 with 
insecticide (Res 1 App.), organic, aphid-susceptible (Sus 2) and organic Rag1 (Res 2).  Letters above each bar represent groups 
which are significantly different from one another.   
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Figure 3.  Mixed model analysis of harvest yield during the 2010 growing season. Bars represent yield adjusted to 13% moisture 
(±SEM) per variety: aphid-susceptible (Sus 1), aphid-susceptible with insecticide (Sus 1 App.), Rag1 (Res 1), Rag1 with 
insecticide (Res 1 App.), organic, aphid-susceptible (Sus 2) and organic Rag1 (Res 2).  Letters above each bar represent groups 
which are significantly different from one another (P=0.05).   
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Figure 4.  Mixed model analysis of cumulative aphid days in the 2011 growing season.  Bars represent the mean CAD (±SEM) 
on each variety planted:  Rag1 (Res. 3, Res. 4) and aphid-susceptible (Sus. 3, Sus. 4).  Differently colored bars indicated 
treatments where a plot was sprayed with insecticide or left untreated.  Letters above each bar represent groups with are 
significantly different from one another.   
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Figure 5.  Mean yield harvested (±SEM) in the 2011 growing season.  This includes data from both sites studied in that year.  
Varieties represented are as follows:  aphid-susceptible (Sus 3), Rag1 (Res 3), organic, aphid-susceptible (Sus 4), and organic 
Rag1 (Res 4).  Differently colored bars represent treatments that received an application of insecticide.   
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Figure 6.  Multivariate analysis of variance of collected herbivores and predators in 2010.  Bars represent the mean (±SEM) 
collected insects.  Insects represented are (a) D. barberi, (b) D. undecimpunctata howardi, (c) C. trifurcata,  (d) H. axyridis and 
(e) Chrysoperla spp.  Darker bars represent susceptible varieties, and lighter bars represent Rag1 varieties.   
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Figure 7.  Multivariate analysis of variance of collected herbivores and predators in 2011.  .  Bars represent the mean (±SEM) 
collected insects.  Insects represented are (a) D. barberi, (b) D. undecimpunctata howardi, (c) C. trifurcata,  (d) P. japonica, (e) 
H. axyridis and (f) Chrysoperla spp.  Darker bars represent treatments left without insecticide, and lighter bars treatments that 
received an insecticide application.   
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Chapter 4 
General Conclusions 
Chapter two: 
• Diabrotica barberi, in choice testing, had a significant preference for the Blue River 
Hybrids 29AR9 variety, which is a Rag1 variety certified for an organic growing 
program. 
• Helicoverpa zea, in choice testing, showed significant preference for Syngenta S25-T8 
and Blue River Hybrids 30A7 varieties.  Both of these varieties are aphid-susceptible.  
No significant preference was detected in no-choice testing. 
• When offered genetically similar varieties, H. zea had a significant preference for Rag1 
varieties in choice tests, but not in no-choice tests. 
• Chrysodeix includens had a significant preference for one susceptible variety, IA3027, 
when offered genetically similar varieties in a choice test, but not in no-choice tests. 
• Spodoptera frugiperda and Cerotoma trifurcata both had significant preference for Blue 
River Hybrids 29AR9 (Rag1) over Syngenta S25-T8 (sus.) in no-choice testing.  Neither 
species exhibited a preference for any variety in choice testing. 
• Analysis of relative growth rate revealed that varieties which incorporate the Rag1 gene 
had a negative impact on three of the four lepidopteran species included in this study.  
Chyrsodeix includens did not have any significant differences in relative growth rate on 
either aphid-resistant or aphid-susceptible varieties. 
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• In tests of approximate digestibility, H. zea only showed significant differences between 
susceptible varieties.  Anticarsia gemmatalis had significant higher approximate 
digestibility on a resistant variety, LD05-16060, over all others offered. 
• In tests of efficiency of conversion of digested materials, the digestion of Rag1 leaf tissue 
caused a significant reduction in the final dry mass of Anticarsia gemmatalis, indicating 
that Rag1 leaf tissue had an antibiotic effect on this insect. 
Chapter three: 
• In the 2010 growing season, Blue River Hybrids 30A7 (organic, aphid-susceptible) had 
the highest cumulative aphid days when left unsprayed with insecticide.  Economic 
threshold for Aphis glycines was not achieved in this season. 
• In the 2011 growing season, Blue River Hybrids 26F0 (organic, aphid-susceptible) had 
the highest cumulative aphid days when left unsprayed with insecticide.  There was also a 
significant difference in cumulative aphid days between Rag1 and aphid-susceptible 
varieties in both sprayed and unsprayed plots.  Rag1 varieties had significantly lower 
cumulative aphid days during this growing season.  Economic threshold for Aphis 
glycines was not achieved during this growing season. 
• The binomial sequential sampling plant, ‘speed scouting’, did not indicate a need to treat, 
which corresponds to aphid counts performed during the 2011 growing season. 
What does this mean: 
 This study provides some insight into how Rag1 varieties will interact not only with 
Aphis glycines, but also the community of insects that defoliate agricultural soybeans.  
Evaluations of preference indicate that different species of insects will prefer either resistant or 
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susceptible varieties, but this preference also appears to be influenced by the genetic background 
of the variety in question.  These evaluations also demonstrate that preference may not exist in 
certain species.  Should an insect demonstrate a preference for aphid-susceptible leaf tissue over 
resistant, a producer could be getting an additional benefit to planting a Rag1-resistant crop.  
However, insects which do prefer Rag1 varieties could become more detrimental, such as in the 
case of Helicoverpa zea or Diabrotica barberi.   
 Evaluation of the nutritional indices demonstrated that Rag1-resistant soybeans 
negatively impacted the growth and development of immature lepidopteran species which can be 
found in soybeans.  Some of the results of this study indicated that resistant soybeans also 
negatively impacted the digestion of lepidopteran larvae. Reduced growth and development may 
translate into fewer and less successful adults, reduced reproduction, and fewer lepidopteran 
defoliators in the next season.  These results indicate that producers gain a benefit against 
lepidopteran pests by planting Rag1 soybeans.  It should be noted, however, that Chrysodeix 
includens did not show any significant difference in how it consumed or developed on Rag1 
soybeans, so this benefit may not extend to all species of lepidopterans that can be found in 
soybeans. 
 Due to the lack of aphid pressure in the two growing seasons of the field study, it is 
difficult to draw a conclusions from the data gathered.  In both years, two Blue River Hybrid 
varieties had the highest cumulative aphid days.  Both of these varieties are aphid-susceptible 
and certified for use in an organic growing program.  The difference in cumulative aphid days 
indicates that these varieties are more attractive than the other varieties used in these trials.  
These plants could have a higher nutritional content for Aphis glycines, which would allow for a 
higher rate of population development and a larger population overall.  Even in light of the lack 
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of aphid pressure, a detectable pattern did emerge in the 2011 growing season, which indicated 
that Rag1 varieties had significant fewer aphids compared to susceptible.  These results suggest 
that Rag1 soybeans for use in an integrated pest management program would be a good 
recommendation. 
